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Abstract. 
 
The best determination of the most stable protonati site in aromatic molecule relies 
nowadays on the IR spectroscopy and ab initio calculations. It appears that these methods are not 
necessarily unambiguous and cannot always be safely employed. We present in this paper an example 
showing that electronic spectroscopy of cold ions complemented with ab initio calculations gives clear 
results on the protonation site. In the example givn on the aminophenol isomers (in ortho, meta and 
para positions), the protonation site is assigned from the electronic spectroscopy and in particular we 
show that for the meta isomer the proton is not on he amino group as observed for the other isomers. 
It shows also that the protonation site is not conserved in the electrospray evaporation/ ionization 
process.   
 
Introduction 
Protonated aromatic hydrocarbon molecules, AH+, constitute a fundamental class of organic 
molecules occurring as short-lived intermediates in various environments, from astrochemistry, jet 
engine gas exhaust, organic chemistry to biophysics. For example, AH+ are widely accepted as 
intermediates in electrophilic aromatic substitution reactions (σ complexes), an important reaction 
mechanism of aromatic molecules, and thus the protonation site governs the stereochemistry. 
In the past, NMR and IR spectroscopy were employed to characterize AH+ ions in the 
condensed phase1,2,3. In solution, intrinsic properties of AH+ are difficult to characterize, due to the 
strong interaction with surrounding solvent moleculs and counter ions. Gas-phase studies of AH+ are 
required to elucidate the properties of the ions. Structural and energetic information have been 
obtained from mass spectrometry experiments, but the results are not unambiguous. In particular, these 
techniques provide indirect structural determination of the protonation site, since the information is 
basically obtained from systems heated either by collisions leading to dissociation or by collision with 
a proton acceptor/donor. In both cases, the collisinal energies involved are larger than the energy for 
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proton isomerization (in the order of 1eV) and the  proton is not necessarily well localized (mobile 
proton) when the reactive event occurs. 
Recently spectroscopic techniques, mainly IR spectros opy, have been extensively used to 
derive the structure of the ions.4–12 With the development of mass spectrometry experiments near the 
free electron laser facility 13–15 the infrared spectra are obtained from multiphoton absorption leading 
to dissociation, which is not a linear process, thus there is no guaranties that all the vibrations can be 
observed. Additionally, the excitation energies being high and the experiments being performed at 
room temperature, vibrational bands are not very narow and more than one tautomer can coexist in 
the ion trap. This makes the interpretation difficult, and as shown for example in the case of Ala-Ala16 
the position of the proton may not be clearly defind (mobile proton). 
The electronic spectroscopy of cold protonated ionshas made considerable progress these last 
past ten years with the development of cold ion traps 17–21 and the question we would like to address in 
this paper is the following: can we identify the protonation site by analyzing the electronic spectra? To 
answer this question, we studied the different isomers of a simple protonated aromatic molecule, 
aminophenol i.e., o-aminophenolH+ (or 2-aminophenolH+), m-aminophenol (or 3-aminophenolH+), p-
aminophenol (or 4-aminophenolH+). Indeed, the experimental results presented here show that the 
electronic spectroscopy of cold ions, in combination with excited-state ab initio calculations, is an 
alternative tool to get information on the protonation site. 
Moreover, there is an active discussion on the relationship between the most stable ions in 
solution and the ions obtained in the gas phase after the electrospray process 22,23.  For aminophenol 
the solvent stabilization of one conformer versus the other ones is quite large, changing the most stable 
tautomer between the gas phase and the liquid phase (vide infra). This is then an ideal system to 
discuss this issue. 
Methodology 
Experimental 
The experimental setup has been presented previously19 and is just outlined here. The 
electronic spectra of the protonated aromatic ions were obtained via parent ion photo-fragment 
spectroscopy in a cryogenically-cooled Paul trap, the protonated ions being produced in an 
electrospray source. The ions are injected in the trap and thermalized at a temperature between 20 and 
50 K through collisions with the cold Helium buffer gas. The ions are kept in the trap for several tens
of ms before the photo-dissociation laser is triggered. After laser excitation, the ions are extracted to a 
TOF mass spectrometer and the fragment(s) ion signal is recorded as the laser wavelength is scanned. 
The photo-dissociation laser is an OPO (NT342B) laser from EKSPLA. The absence of vibrational hot 
bands indicates that the temperature of the ions is less than 50K (see the case of protonated acridine in 
Figure SI.2 of the supplementary information). 
Calculations  
Ab initio calculations have been performed with the TURBOMOLE program package24, 
making use of the resolution-of-the-identity (RI) approximation25 for the evaluation of the electron-
repulsion integrals. The equilibrium geometry of the protonated species in their ground states (S0) has 
been determined at the MP2 and DFT/B3LYP levels. Vertical excitation energies of the lowest excited 
singlet states have been determined at the RI-ADC(2) (second order Algebraic Diagrammatic 
Construction)26 level since TD-DFT is suffering from the bad representation of charge transfer states. 
Calculations were performed with the correlation-cosistent polarized valence double-zeta (cc-pVDZ) 
basis set, and some values were checked with the tripl -zeta cc-pVTZbasis set. To get an idea on the 
relative stability of the proton site in the liquid phase, we used the Conductor-like Screening Model 
(COSMO)27 as implemented in Turbomole. 
 
Results and discussion 
The experimental photofragmentation spectra obtained for the three isomers are presented in 
Figure 1. These spectra are the sum of the fragment ions as a function of the laser wavelength. For p-
aminophenolH+, the two main fragmentation channels are the loss of NH3 and loss of hydrogen atom, 
the loss of H2O being a minor channel. The H loss channel is not seen in CID experiments, it is 
specific of the electronic excitation and has been xplained in the framework of the ππ∗/πσ∗ 
interaction model28 in a previous paper29.This channel is not observed in the photo-dissociati n of m- 
and o-aminophenolH+. For meta and ortho aminophenolH+, the fragments are m/z 92 and 93, 
corresponding to the loss of NH3 and H2O, which are the same as the CID fragments. It can be oticed 
that o-aminophenolH+ is the only isomer for which the H2O loss is the most important fragmentation 
channel (see mass spectra in Figure SI.1 of supplementary information) 
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Figure 1: photofragmentation spectra of meta (top), para (middle), ortho (lower) protonated aminophenol. For 
the ortho ion the low frequency vibrations near the0-0 transition are presented in the insert. In theright corner 
the numbering of the atoms is presented in the caseof n utral trans meta aminophenol. 
 
para-aminophenolH+ 
The p-aminophenolH+ has already been reported previously29. It presents a very intense 0-0 
transition and narrow vibronic bands. This electronic spectrum is quite similar to the spectrum of cold 
neutral p-aminophenol30. This similarity and the comparison with ground and excited states ab-initio 
calculations clearly indicate that the proton is localized on the amino group.  
ortho-aminophenolH+ 
The photofragmentation spectrum of -aminophenolH+ is as a whole similar to that of p-
aminophenolH+, but also presents vibrational progressions on a low frequency mode (96 ± 1 cm-1) as 
in its neutral homologue31 or fluorophenol32. This is due to the steric hindrance between the amino 
group (or the F atom) and the hydroxyl group, which imposes weak out of plane deformation. The 
band origin of o-aminophenolH+ at 276.82 nm (4.48 eV) is very close to that of the p-aminophenolH+ 
isomer (277.36 nm). 
meta-aminophenolH+ 
The photofragmentation spectrum of m-aminophenolH+ is very much red-shifted as compared 
to the o- and p-aminophenolH+ spectra. Indeed, the origin of its first electronic excited state is located 
at 365.4 nm (3.39 eV) i.e. more than 1 eV lower in energy than the band origin of the other isomers. 
Two other band systems are observed starting at 321.8 nm (3.85 eV) and 255.3 nm (4.86 eV). 
Moreover, all the vibrational bands are very broad (FWHM ≈ 200 cm-1 instead of 15 cm-1 for the p-
aminophenolH+ bands) and separated by about 500 cm-1. At this point it is not possible to state 
whether these band systems belong to the different electronic states of the same tautomer of m-
aminophenolH+ or to different tautomers. It is quite clear that the electronic spectrum is drastically 
different from those of the other isomers and thus the proton is not located on the amino group: the 
spectrum of the tautomer protonated on the amino group (NH3
+) should exhibit a strong transition 
around 277 nm, which is not observed, indicating that t is tautomer is not present (or in very low 
abundance) in the ion trap at low temperature (50 K). Further assignment of the tautomers possibly 
observed requires ab initio calculations. 
Calculations 
para and ortho-aminophenolH+ 
The assignment of the different tautomers that can be involved in the photofragmentation 
spectra relies on two calculated values, the ground state energy and the S1<-S0 transition energy. For 
protonated o- and p-aminophenol, the assignment is very simple and without ambiguity. The ground 
state calculations (with both DFT and MP2 methods) predict that the protonation site on the 
ammonium group is more stable by more than 0.2 eV15 for p-aminophenolH+ and more than 0.3 eV for 
o-aminophenoH+ as compared to other positions of the proton on carbon atoms of the aromatic ring 
(see SI). For o-aminophenoH+, there could be two orientations (cis and trans) of the hydroxyl group 
with respect to the ammonium group, however a ground state optimization starting from the cis 
geometry leads without barrier to the trans geometry. In addition, the electronic transition of the trans 
o-aminophenoH+ tautomer protonated on the amino group (trans ortho NH3
+ isomer: isomers 
protonated on the amino group are denoted NH3
+ in the next paragraphs) is calculated within 0.10 eV 
of the experimental band origin (i.e. less than 5% error), as shown in Table 2.  
meta-aminophenolH+ 
The situation is more complex for m-aminophenolH+: for each proton location, there are cis 
and trans conformations depending on the orientation of the OH group versus the amino group in meta 
position. 
The ground state energies of the different m-aminophenolH+ isomers have been calculated at 
two levels of theory (MP2 and DFT) and are presented in Table 1, where the isomers protonated on 
the amino group are labeled cis and trans NH3
+ and the tautomers protonated on carbon atoms (see 
Figure 1 for atom numbering) are labeled cis or trans CnH+.  
 
Table 1: Ground state energies of the m-aminophenolH+ isomers (all the values are in eV): The 
energies are referenced to the energy of cis C6H+ tautomer (i.e. the proton is on C6 carbon atom of 
the aromatic ring as numbered in Figure 1). 
 
m-aminophenolH
+
 
isomers 
Relative energy 
DFT/B3LYP/cc-pVDZ 
Relative energy 
MP2/cc-pVDZ 
Relative energy 
DFT/B3LYP+COSMO/cc-pVDZ 
cis C6H
+
 0.00 0.00 0.00 
trans  C6H
+
 0.06 0.05 0.03 
cis C4H
+
 0.09 0.10 0.11 
trans C4H
+
 0.10 0.12 0.09 
trans C2H
+
 0.19 0.25 0.18 
cis  C2H
+
 0.33 0.41 0.27 
trans NH3
+
 0.34 -0.01 -0.21 
cis  NH3
+
 0.42 0.07 -0.19 
trans C5H
+
 1.45 1.47 1.47 
cis  C5H
+
 1.50 1.52 1.51 
 
 
As it can be seen there is a strong discrepancy between MP2 and DFT methods mostly for the 
NH3
+ tautomer. At the MP2/cc-pVDZ level of calculation, the C6H+ and NH3
+ tautomers (both cis and 
trans) have their ground state energy within less than 0.07 eV, which can be considered as within the 
calculation error. But at the DFT/B3LYP level, the C6H+ tautomer is more stable than the NH3
+ 
tautomer by 0.3/0.4 eV, which is usually far from the usual uncertainty in such calculations. 
Calculations with extended basis set (cc-pVTZ) give similar results. So for the NH3
+ tautomer of m-
aminophenolH+, ground state calculations seem to be in trouble.  
For the other CnH+ (n=2,4,5) tautomers, DFT and MP2 methods agree quit  well. The cis and 
trans C4H+ and C2H+ may be considered as potentially involved in the m-aminophenolH+ 
photofragmentation spectrum since and their ground state energies are not very high as compared to 
that of C6H+ (see Table 1).  
Calculations at the DFT/B3LYP+COSMO level were performed to investigate the relationship 
between the protonation sites in solution (before the electrospray evaporation) and in the gas phase. 
These calculations indicate that protonation on the amino site is clearly more stable than on the C6 site 
in the liquid phase (MP2+COSMO calculations give th same result).  
Excited states 
From the excited state calculations and comparison with the para- and ortho- isomers in which 
the proton is located on the amino group, it is clear that the cis and trans NH3
+ meta tautomers should 
be characterized by sharp transitions in the 277 nm region, which are not observed. The vertical 
transitions for cis and trans C6H+ meta-aminophenolH+ tautomers are calculated at 4.51 eV and 4.41 
eV, respectively, i.e. red shifted by 0.4 eV compared to the transition of the NH3
+ meta tautomers. 
Upon excited state optimization, there is a strong change of geometry for both species leading to a 
stabilization energy of around 1 eV. The transition energies have also been calculated for the cis and 
trans C4H+ and C2H+ meta tautomers, which have their ground state energies less than 0.4 eV above 
the ground state energy of the C6H+ tautomer. 
 
Table 2: Transition energies calculated for the first electronic states of the o-, m- and p-aminophenol 
protonated isomers. For o- and p-aminophenolH+, only the most stable NH3
+ isomers are tabulated 
while for m-aminophenolH+ several tautomers are included. Calculations are performed at the 
ADC(2)/cc-pVDZ level. All energies are in eV. 
Isomer vertical  S1<-S0 adiabatic S1<-S0 /corrected for 
∆ZPEa 
Experiment 
cis meta NH3
+ 4.90 NH3 loss  
trans meta NH3
+ 4.89 4.53  
cis meta C6H+ 4.51 3.59 3.85 
trans meta C6H+ 4.41 3.54  
cis meta C4H+ 3.97 Conical intersectionb  
trans meta C4H+ 4.06 3.34 3.39 
trans ortho NH3
+ 
5.00 
 
4.70/4.57 4.48 
para NH3
+ 
4.92 
4.81c 
4.74/4.57 
4.62/4.45c 
4.47 
 a transition corrected for the difference in zero point energy between ground and excited states. 
 b the ground and excited states become too close to get a convergence in the calculations, which 
indicates a conical intersection. 
c MP2_ADC(2)/aug-cc- pVDZ  
Discussion 
Assignment  
The electronic spectra of the three isomers are very different, considering the positions and 
widths of the bands. The most stable isomers of o- and p-aminophenolH+ are the ones with the proton 
on the amino substituent, and they show electronic transitions in the UV (~ 277 nm) and their 
spectroscopy is similar to the anilinium one.29 On the contrary, m-aminophenolH+ has a characteristic 
spectrum in the near UV (origin at 365.4 nm) i.e., r d-shifted as compared to the spectra of the other 
two isomers. These transitions to the red part of the spectrum are assigned to tautomers of m-
aminophenolH+ with the proton on a carbon atom of the cycle and not on the amino group. Moreover, 
the vibrational progressions based on modes at ~ 500 cm-1 are not the same as observed for the neutral 
isomer, showing the effect of the proton on the cycle ( ontrary to the spectra of molecules protonated 
on the amino group, which look like that of the neutral).29 Previous calculations on protonated 
benzene33 or phenol34, have predicted that the proton localization on a carbon of the aromatic skeleton 
should lead to broad quasi structure-less spectra due to a barrier-less internal conversion process, 
which seems similar to what is observed for m-aminophenolH+.  
The ab initio calculations necessary for a more complete assignment are problematic since  
there is a discrepancy between the MP2 and DFT calculations for the ground state of m-
aminophenolH+. With MP2 calculations, both the NH3
+ and the C6H+ tautomers have very similar 
ground state energies and then should both be present in the ion trap. At the opposite, the DFT 
calculations predict that the C6H+ is more stable by 0.3 eV (cis isomer) or 0.4 eV (trans isomer) as 
compared to the NH3
+ tautomer. The oscillator strengths have been calculated for the S1<-S0 transitions 
of C6H+ and NH3
+ tautomers and they are within a factor of 2. Excited state optimization indicates a 
large geometry change between the ground and excited state for the C6H+ tautomer, so that the FC 
factors should be smaller as compared to those of the NH3
+ tautomer. Thus the excitation efficiency of 
the NH3
+ tautomer should be greater than that of C6H+. owever the NH3
+ tautomer is not observed, 
thus one can deduce that it is not present (or in very small amount) in the cold ion trap, and 
consequently less stable than the C6H+ tautomer.  
This implies also that, for ground state calculations, DFT is more reliable than MP2, which 
seems to fail rather badly in the present case. At the opposite, the TD-DFT method does not give 
correct results for excited state calculations since the presence of a calculated charge transfer (πσ*) 
state forbids the excited state optimization in thecase of the NH3
+ tautomers. As shown also 
previously, the CC2 or ADC(2) methods are quite good for excited state calculations35-36,21 and in the 
present case, the ADC(2) method gives adiabatic energies in quite good agreement with the 
experimental values for ortho and para-aminophenolH+ (NH3
+ tautomers). For m-aminophenolH+, the 
C6H+ adiabatic energies are calculated at 3.59 eV and 3.54 eV (cis and trans). The C4H+ tautomer, 
which may be populated in the trap since its ground state energy is only  0.1 eV higher than that of 
C6H+, has a calculated vertical transition energy around 0.5 eV lower than that of the C6H+ tautomer. 
The adiabatic transition energy for the cis meta C4H+ tautomer is calculated at 3.34 eV, not far from 
the origin of the first band system, while for the rans meta C4H+ tautomer there seems to be a conical 
intersection between the excited and the ground state.  
To sum up, a reasonable assignment for the m-aminophenolH+ photofragmentation spectrum 
would be to assign the band system starting at 3.39 eV to  the S1<-S0 transition of the C4H+ tautomer, 
and the second band system starting at 3.85 eV to  the S1<-S0 transition of the C6H+ tautomer. The 
third band system starting at 4.85 eV may be assigned to the S2<-S0 transition of the C6H
+ tautomer 
calculated at 5.6 eV vertically. 
The most stable proton site determination  
For protonated species there are not so many experiments which are able to determine the 
most abundant tautomer in well-defined conditions. U ually the temperature of the ions is not known 
nor measured and the observation method is not necessarily unambiguous. Besides, it has been shown 
that the proton is not necessary localized on one structure at high temperature 16. Determination of the 
protonation site by collision processes relies on the assumption that the tautomerization rate is slower 
that other reaction/fragmentation processes and this assumption is not so obvious owing the small 
barrier to the tautomerisation process, around 1ev in an aromatic ring15.  
Detection of tautomers through IR spectroscopy is another approach, often realized through 
IRMPD on hot ions and the spectroscopy is not unambiguous due to the highly nonlinear multiphoton 
absorption process leading to the absence of some vibrational bands.  
The electronic photo-fragmentation of cold ions approach can be a powerful alternative but 
one has to be aware that some assumptions are also behind the measurement. In particular quantitative 
relationship between the ion intensity and the stability of the tautomer/conformer may not be so easy 
to do.  
The fragmentation process might depend on the tautomer. However the excitation energy is 
such (4 eV) that, when the excited state undergoes int rnal conversion, the randomization between 
tautomers (barrier around 1 eV)15 is realized, thus the fragmentation rate should be the same for all 
tautomers. 
The excitation efficiency, which depends on the oscillator strength of the electronic transition 
and on the Franck-Condon (FC) factors is more difficult to evaluate. The oscillator strength can be 
calculated and in the present case it has the same order of magnitude for the C6H+ and NH3+ 
tautomers of m-aminophenolH+ (within a factor 2). When the ground and excited state optimized 
geometries are similar, the FC factors can be calculated using calculated ground and excited 
vibrational frequencies. When there is a large change i  the optimized geometry between ground and 
excited states, the density of states in the Franck-Condon window is such that Franck Condon analysis 
becomes impossible and the Franck-Condon factors are very weak. In the case of the m-
aminophenolH+ isomers, the distortion in geometry of the C6H+ tautomer (this holds also for the 
C4H+) in S1 is larger than for the NH3+ tautomer, which can be seen easily deduced from the 
difference between vertical and the adiabatic transitio  energies: a change of less than 0.5 eV for the 
NH3+ tautomer, as in protonated aniline or in p-aminophenolH+, indicates a relatively small geometry 
change associated with a strong 0-0 transition and a well resolved spectrum. On the other hand, a 
difference of 1 eV or more between vertical and adiabatic energies indicates a large geometry change 
that leads to weak Franck-Condon factors. These considerations imply that if the NH3+ tautomer was 
present, it would have been observed quite easily a in the case of  ortho and para-aminophenolH+. 
Thus we can conclude that the C6H+ and C4H+ are by far the most abundant conformers in the 
experiment and, if thermal equilibrium at 50 K is assumed, these tautomers should be the most stable 
ones. The absence of the NH3+ tautomer is not compatible with MP2 calculations, which predict that 
the NH3+ and C6H+ tautomers have the same ground state energy, but it matches with DFT 
calculations.  
We are very surprised by the inconsistency between th  two methods, which usually gives 
similar results, but in this case are in strong disagreement as far as the NH3+ tautomer is concerned, 
while for the C2H+, C4H+, C5H+ tautomers both methods give very similar results. These results 
show that there is a problem in the calculation methods but it is beyond our competence and is 
certainly a problem that theoreticians have to solve2. 
  The stronger proton affinity of the meta- isomer on the C6 and C4 carbon atoms can be 
explained by a resonance effect. It is known that electron donating groups with lone pairs (OH, -NH2) 
on the atoms adjacent to the π system activate the aromatic ring by increasing the electron density on 
the ring through a resonance donating effect that allows electron density to be positioned at the ortho- 
and para- positions.  For the para- and ortho- isomers, the resonance effect due to OH and NH2 acts 
on different carbon atoms, whereas in meta-aminophenolH+ both substituents induce electron density 
on the same carbon atoms increasing their negative charge thus their proton affinity, which becomes 
larger than that of the amino group and indeed, both C4H+ and C6H+ tautomers seem to be observed. 
 Electrospray source and produced ions. 
 There is an active discussion on the relationship between the most stable ions in solution and 
the ions obtained in the gas phase after the electrospray process 22,23. We have calculated the stability 
of the NH3+ and the C6H+ tautomers of meta-aminophenolH+ in solution using the COSMO model 
implemented in Turbomole at the DFT/B3LYP level. Interestingly, there is a complete reversal of the 
stability between the gas and solution phase for these two tautomers. As seen in the SI (Fig. SI.3), the 
absorption spectrum of the meta amino phenol in solution (H20/methanol) at two different pHs shows 
a blue shift of the absorption at low pH (at 270 nm) only compatible with protonation on the amino 
group. The NH3+ form is 0.3 eV more stable than the C6H+ in solution and this structure is less stable 
by 0.3 eV in the gas phase. The absence of the NH3+ conformer in the ion trap clearly shows that the 
liquid equilibrium is not conserved in the ESI process, at least in our experimental setup... 
Conclusions 
In this paper it is shown that one can use electronic spectroscopy to identify the most abundant 
protonated tautomers at low temperature, which are probably the most stable. In particular it shows 
that in the para- and ortho- isomers of protonated aminophenol, the proton is attached to the amino 
group while it is linked to a carbon atom of the aromatic ring for the meta- isomer. This experiment 
also shows that the most stable tautomers cannot be always predicted by ab-initio calculations as long 
                                                   
2 Similar calculations have done with other software with which it is forbidden to compare and similar results are 
obtained 
as the large discrepancies between MP2 and DFT methods are not understood. It seems also that the 
most stable tautomeric structure is not conserved from the liquid phase to the gas phase. 
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